A major challenge in cancer research is the use of appropriate models with which to study a specific biological question. Cell lines have long been used to study cellular processes and the effects of individual molecules because they are easy to use, grow rapidly, produce reproducible results and have a strong track record in research. In uveal melanoma in particular, the absence of animal models that faithfully replicate the behavior of the human disease has propagated the generation and use of numerous cell lines by individual research groups. This in itself, however, can be viewed as a problem due to the lack of standardization when characterizing these entities to determine how closely they reflect the genetic and phenotypic characteristics of this disease. The alternative is to use in vitro primary cultures of cells obtained directly from uveal melanoma patient samples, but this too has its difficulties. Primary cell cultures are difficult to use, hard to obtain and can show considerable heterogeneity. In this article, we review the following: (1) the uveal melanoma cell lines that are currently available, discussing the importance of establishing a bank of those that represent the molecular heterogeneity of uveal melanoma; (2) the methods used to isolate and perform short-term cultures of primary uveal melanoma cells, and (3) the establishment of 3D tissue culture models that bridge the gap between 2D in vitro systems and in vivo models with which to dissect cancer biology and perform therapeutic screens.
use of cell lines is often criticized as being a poor cancer model. However, for hypothesisdriven basic research, it should be argued that they are still a crucial resource provided that they are well matched to the cancer of interest and reflect the spectrum of tumor genetics as closely as possible. This is already being achieved for ovarian cancer such that data from approximately 50 ovarian cancer cell lines has been matched with The Cancer Genome Atlas (TCGA) data from more than 300 patients with the disease [1] . The cell lines are then rated based on their genetic similarity to the TCGA tumor data.
In uveal melanoma research, cell lines have been widely used in vitro to dissect the basic biology and identify the therapeutic efficacy of drugs due to an absence of well-characterized and representative animal model systems. The current status of animal model systems for uveal melanoma is discussed in subsequent papers in this issue. Perhaps because of the lack of good animal model systems, there are more than 20 uveal melanoma cell lines reported and used in in vitro studies variably throughout the literature. Unlike other areas of cancer research, most of the uveal melanoma cell lines are not available from central repositories such as the American Type Culture Collection (ATCC; www.atcc.org) or the European Collection of Cell Cultures (ECACC; http://www.phe-culturecollections.org.uk/collections/ ecacc.aspx), which perhaps makes it more difficult to ensure that rigorous quality control procedures have been employed by each supplying laboratory or to avoid cross-contamination and/or misidentification of the cell lines amongst other factors. Indeed, cell line misidentification within the ocular oncology community was highlighted in 2008 by Folberg et al. [2] when the MUM2B and M619 cell lines in their laboratory did not match the description of their origin in the literature. The short tandem repeat (STR) analysis conducted inferred that MUM2B and M619 were both derived from the same primary tumor as another uveal melanoma cell line, C918. The authors also made a number of important recommendations which, just over 5 years later, are generally still lacking within the ocular oncology research community: minimally, all uveal melanoma cell lines should be validated according to (1) species, (2) whether they are mycoplasma free, and (3) STR analysis against a benchmark standard.
Although STR profiling is useful for cell line authentication, other data are also essential for researchers to select the most appropriate cell lines for their study. Genomic and molecular profiles as well as phenotypical and immunohistochemical characteristics can provide important information regarding subtle differences between and within the cell lines over time. In 2012, Griewank et al. [3] published a comprehensive overview of 19 cell lines providing information determined either directly in their laboratory or from information previously reported in the literature on the following factors: (1) the presence or absence of GNAQ/GNA11 and BRAF mutations; (2) tumor site of origin, i.e. primary or metastatic; (3) the expression of the melanocyte lineage markers Melan-A⁄MART-1, gp100, tyrosinase, tyrosinase-related protein-1, dopachrome tautomerase, S100, HMB45 and MCSP1, and (4) STR analysis. Despite this, the information for each cell line was incomplete and also identified some concerns as to cell line origin/authenticity. For example, the OCM1, OCM3, OCM8, SP6.5 and MUM2C cell lines all harbored BRAF mutations, a genotype that requires further validation regarding its role in uveal melanoma pathogenesis [4, 5] . In addition, the Mel285 and Mel290 cell lines, which represent approximately 15% of uveal melanomas without GNAQ/ GNA11 mutations, also lack expression of any melanocyte-associated lineage markers. Whether this phenotype is observed in tumors without detectable GNAQ/GNA11 mutations is unclear. Importantly, however, researchers are now using this molecular information when designing their experiments and have shown that the GNAQ/GNA11 genotype of the uveal melanoma cell lines drives differential drug sensitivity [6] [7] [8] .
Inactivating mutations of the tumor suppressor gene BAP1 (BRCA1-associated protein-1) have also recently been associated with an increased metastatic risk in uveal melanoma patients [9] . To address the effects of this genotype, studies have used short hairpin RNA (shRNA) knockdown of BAP1 in the OCM1A, 92.1 and Mel290 uveal melanoma cell lines [10] . Loss of BAP1 expression, however, did not promote in vitro tumorigenicity but rather caused downregulation of canonical genes of the melanocyte differentiation program (MITF, TRPM1, TYR and DCT) and consistent upregulation of the stem cell factor NANOG, inducing a stemlike cellular phenotype. The fact that uveal melanoma cell lines contain a population of stemlike cells that self-renew, produce differentiated progeny and survive chemotherapy had been previously reported for the Mel270 and OMM2.5 uveal melanoma cell lines [11] . Most recently, uveal melanoma cell lines have been established that exhibit mutant BAP1 and lack BAP1 protein expression. These cell lines recapitulate many aspects of the diverse molecular landscape seen in uveal melanoma patients and will be fundamental to enhancing our understanding of the disease [12] .
In uveal melanoma patients, one of the strongest indicators of a poor prognosis is the loss of one copy of chromosome 3 (monosomy 3) [13] . Despite this, there have been few reports of the existence of long-term monosomy 3 uveal melanoma cell lines in the research arena. Nareyeck et al. [14] reported heterozygosity at four or more chromosome 3 loci by microsatellite analysis in OMM1, Mel290, Mel285, OCM1, OCM3, OCM8 and 92.1 uveal melanoma cells. Interestingly, they also demonstrated a disomy 3 status by cytogenetic analysis for Mel202 cells, but loss of heterozygosity was indicated by microsatellite analysis, suggesting that both cytogenetically identified chromosome 3 alleles were identical (isodisomy). In this article, they then went on to describe the establishment and characterization of two novel cell lines, UPMM-1 and UPMM-2, originating from primary uveal melanoma tissue samples with monosomy 3. The UPMM-1 cell line retained the monosomy 3 status of the primary tumor, whilst in UPMM-2 cells, chromosome 3 had undergone duplication (isodisomy). The UPMM cell lines have since been used only in a handful of publications, and thus their behavior in established assays as compared with the widely available disomy/isodisomy 3 uveal melanoma cell lines is still unclear [10, 15] .
Burgess et al. [16] have been systematically culturing cells obtained from transscleral fine-needle aspiration biopsy of eyes harboring uveal melanoma and undergoing brachytherapy or enucleation. All biopsies were evaluated by fluorescence in situ hybridization for the centromere of chromosome 3, by 250K Mapping Array for chromosomal copy number variation, by U133 plus 2.0 Arrays for gene expression and plated out as adherent cultures in standard medium [Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS)]. Out of 101 cultures, only three cell lines could be established (MEL20-06-039, MEL20-06-045 and MEL20-07-070). These were defined as cultures that propagated successfully for at least six passages over a period of 2.5 years, showed continuous proliferation following cryo-freezing and demonstrated no evidence of contact inhibition. All three cell lines showed epithelioid morphology as well as chromosome 3 loss and were derived from patients who developed metastatic disease within 1.5 years from diagnosis of the primary tumor. Again, these cell lines have not since been reported in the experimental uveal melanoma literature.
Short-Term Primary Cultures of Uveal Melanoma Cells: Practical Aspects
Some investigators have preferred to work with short-term primary cultures to circumvent the limitations of homogeneity and the genetic or phenotypic drift often noted for long-term cell lines. Although their unadulterated nature translates to the preservation of a molecular phenotype more representative of that found in vivo, short-term cultures cannot be reliably shared between research groups, making it difficult to obtain independent vali-dation of results. Additionally, primary cells are heterogeneous, require constant monitoring, are sensitive to passaging, often have slow proliferation rates and may undergo early senescence after only a few expansions. All of these factors require the need for research staff with advanced tissue culture training.
Over the years, a number of research groups have reported the successful culture and research use of primary uveal melanoma cells in vitro. There is, however, no standard procedure that will guarantee the successful development of these cells in culture, and so different groups have developed different approaches. A detailed description of the exact methodologies is beyond the scope of this article, which rather aims to provide an overview of the procedure; thus, the reader is invited to refer to the original articles cited in the text for further details.
The first step in culture establishment is the harvest of fresh tumor tissue from the eyes of consenting patients affected by uveal melanoma who are undergoing surgery for therapeutic purposes. Traditionally, the fragment would come from a wider surgical excision specimen, such as enucleation or local resection, but successful cultures have also been established from fine-needle aspiration biopsies [16] . The tumor fragments should be processed for culture as soon as possible after removal as storing the tissue in transport medium in the fridge overnight can reduce viability [H. Kalirai, pers. commun.] . The sample is minced with a surgical blade and either transferred directly to a culture dish for tumor cell outgrowth from the explants or a single-cell suspension obtained so that the number of cells seeded in the flask is kept constant between experiments. A single-cell suspension can be achieved mechanically or by enzymatic digestion. Mechanically, the tissue fragments can be strained through a metal mesh or a linen cloth by continuous irrigation with the culture medium [17] . Whatever the method, a detailed record of cell yield per wet tissue weight should be kept. The choice of cell culture medium is yet another variable with little information in the literature to support a particular medium choice. Traditionally, cells have been grown in a basal medium, such as DMEM or RPMI, supplemented with 10% heat-inactivated FBS, glutamine, antibiotics (penicillin, streptomycin or amphotericin-B) and a variety of other factors, such as epithelial growth factor [18] or insulin [16] . Albert et al. [19] have also reported the use of a human fibroblast feeder layer. Alternatively, the use of media originally formulated for the culture of amniotic fluid cells, such as AmnioChrome Pro (Lonza), Quantum 3-21 (PAA Laboratories; fig. 1 ) or Chang D (Irvine Scientific), appears to improve the plating efficiency and the growth rate of the primary uveal melanoma cells [20] . More recently, Suesskind et al. [21] have described the successful propagation of uveal melanoma cells in suspension using a serumfree neuronal medium (Neurobasal A; Invitrogen) supplemented with B27.
Primary uveal melanoma cells can grow as a monolayer of spindle cells creating a neurallike network or as a carpet of more epithelioid-like cells. Occasionally, clumps/small spheres of cells form that are then spontaneously shed into the culture medium ( fig. 1 ; cell image) . This has previously been documented for human skin melanoma cells [22] and sarcoma cells [23] in monolayer culture. These different phenotypes are not mutually exclusive as they reflect the variety of cells in the primary tissue. Over time, it is common to observe morphological changes of the cells in culture in comparison to their tumors of origin [24] . This is most likely due to spontaneous selection for the fittest subpopulation in the in vitro environment, resulting in clonal expansion and eventually in an immortalized cell line.
It is therefore important to meticulously characterize short-term primary cultures both initially and at later stages of culture, both immunophenotypically (for the expression of melanocyte lineage markers) and genetically (in particular for chromosome 1, 3, 6 and 8 status, GNAQ/11 and other relevant mutations) so that alterations from the original tumor phenotype/genotype can be identified.
Future Directions
There is increasing acceptance that the use of cell lines and primary cells must be improved for in vitro culture to contribute more effectively to our understanding of disease biology and therapeutic efficacy. The recent move from cell monolayers to 3D cultures has been motivated by the need to work with cellular models that mimic the functions of living tissues. In 1999, Maniotis et al. [25] reported the ability of several uveal melanoma cell lines (M619, C918 and MUM-2B) to form loops and networks in vitro when placed on gels containing matrigel or diluted type I collagen. As in patient tissue samples, these in vitro tumor cellgenerated vascular channels were periodic acid-Schiff positive.
Tumor spheroids are perhaps one of the simpler and more cost-effective 3D systems described in the literature [reviewed in [26] [27] [28] . Indeed, spheroids have been produced from either a single-cell type or as complex multicellular spheroids, reflecting the in vivo cells found in the tumor of interest . The multicellular tumor spheroids resemble avascular tumor nodules/micrometastases with respect to growth kinetics and some histomorphological features. With increasing size of either the mono-or multicellular spheroids, proliferation and oxygen/nutrient gradients are observed -features that affect not only cellular RNA and protein expression but also the penetration and bioactivity of therapeutic drug candidates [27, 29] . Tumor spheroids can be produced by a number of methods, including hanging drop, liquid overlay or by using rotating wall vessel cultures. Establishing 3D cultures as a mainstream approach, however, is not without a number of challenges, including minimally the development of standard protocols for experimental analysis and imaging. Moreover, although tumor spheroids take advantage of the natural tendency of many cell types to aggregate without the requirement for external scaffolds, neither all primary tumor cells nor all established cell lines have this capacity. Some cells require the addition of extracellular matrix compounds, methylcellulose or agarose.
Although a 3D organotypic approach is more applicable as a human skin melanoma model [30] , the development of 3D tumor spheroids has relevance for both primary and secondary uveal melanoma disease phenotypes. The possibility of a tissue-engineered model of uveal melanoma that recreates as far as possible the 3D structure, stromal environment and signalling milieu present in vivo could dramatically improve preclinical drug screening for this rare disease.
